We report on the formation of thermally stable ohmic contacts on n-type ZnO:Al (n d ϭ 2 ϫ 10 18 cm
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Recently, in efforts to realize ZnO-based optoelectronic devices such as light emitting diodes ͑LEDs͒ and laser diodes ͑LDs͒, p-n junctions such as homojuctions [2] [3] [4] [5] and heterojunctions 6,7 using p-SrCu 2 O 2 and p-ZnRh 2 O 4 have been fabricated. For the realization of high performance ZnO-based optoelectronic devices, the achievement of high quality ohmic and Schottky contacts is essential. However, limited work on contact formations has been performed so far. For example, different schemes of Ru, Al/Pt, and Ta/Au contacts for n-ZnO were investigated and shown to produce good ohmic contacts with specific contact resistances of ϳ10 Ϫ4 -ϳ10 Ϫ5 ⍀ cm 2 upon annealing. [8] [9] [10] In our previous work, 11, 12 we investigated Ti/Au contacts to n-ZnO and reported that the scheme produces a reliable ohmic contact with a specific contact resistance of 2 ϫ 10 Ϫ4 ⍀ cm 2 when annealed 300°C in N 2 ambient. It was, however, shown that the scheme suffers from severe thermal degradation when annealed at temperatures in excess of 300°C. Thus, in this work, Re/Ti/Au contacts have been investigated to improve the thermal stability of the Ti/Au contacts to n-ZnO. A 2 nm thick Re layer was chosen as a first layer because of its refractory nature and its reactive nature with oxygen. 13 It is shown that the contacts produce specific contact resistances in the range of ϳ10 Ϫ4 -ϳ10 Ϫ7 ⍀ cm 2 when annealed at temperatures in the range of 300-700°C for 1 min in a nitrogen ambient. Based on Auger electron spectroscopy ͑AES͒ and glancing angle X-ray diffraction ͑GXRD͒ results, a possible ohmic formation mechanism is described.
Experimental
The Al-doped n-ZnO layer ͑1 m thick͒ was grown on a ͑0001͒ sapphire substrate at 900°C by a reactive sputtering system using a ZnO target containing 5 wt % Al 2 O 3 . The carrier concentration (2 ϫ 10 18 cm
Ϫ3
͒ and mobility ͑ϳ17.5 cm 2 /V s͒ of the layers that were annealed at 800°C for 3 min were measured at room temperature by means of Hall effect measurements with the Van der Pauw geometry. Prior to lithography, the samples were ultrasonically degreased using trichloroethylene, acetone, and methanol for 5 min in each step, and then rinsed with DI water. The circular-transfer length method ͑C-TLM͒ patterns were defined on the surface-cleaned n-ZnO by standard photolithography and a lift-off technique. The outer radius of the C-TLM pad was 75 m, and the spacing between the inner and outer radii was varied from 4 to 25 m. Re/Ti/Au ͑2/20/60 nm͒ films were subsequently deposited on the patterned n-ZnO layer by electron beam evaporation. The samples were then rapid thermally annealed at temperatures of 300-700°C for 1 min in a nitrogen ambient. Current-voltage (I-V) measurement was made using a parameter analyzer ͑HP 4155A͒. AES was carried out using a PHI 670 Auger microscope with an electron beam of 5 kV and 0.0236 A. Glancing angle X-ray diffraction ͑GXRD͒ examination ͑using Cu k␣ radiation͒ ͑a Rigaku diffractometer, D/MAX-RC͒ was made to characterize the interfacial reactions between the metal and GaN layers at a fixed incident angle of 1°. X-ray photoemission spectroscopy ͑XPS, EscaLab 210 model͒ was performed using a Mg K␣ X-ray source in an ultrahigh vacuum system with a chamber base pressure of ϳ10 Ϫ10 Torr. Figure 1 shows the I-V characteristics of the Re/Ti/Au contacts on n-ZnO as a function of the annealing temperature. Although all the samples exhibit linear I-V behavior, their I-V behavior become considerably improved with increasing the annealing temperature up to 700°C. The specific contact resistance was extracted from a least-square fit of the measured total resistance vs. the spacing between the C-TLM pads. Measurements showed that the specific contact resistance is 2.1 ϫ 10 Ϫ4 , 6.7 ϫ 10 Ϫ6 , 2.2 ϫ 10 Ϫ6 , and 1.7 ϫ 10 Ϫ7 ⍀ cm 2 for the samples annealed at room temperature ͑as-deposited͒, 300, 500, and 700°C, respectively. These contact resistivities are much better than those obtained from the Ti/Au contacts. 12 It is noteworthy that annealing the sample at 700°C results in a contact resistivity almost three orders of magnitude lower than that of the as-deposited one. The contact, however, became degraded when annealed at 800°C, which is probably due to the interface disruption and the agglomeration of the metal layers. Figure 2 shows AES depth profiles for the Re/Ti/Au samples as a function of the annealing temperature. For the as-deposited sample ͑Fig. 2a͒, the individual layers of Re, Ti, and Au were well defined. In addition, a small amount of oxygen outdiffused into the metal layers. This seems to be consistent with the fact that the enthalpies of formation for TiO 2 (⌬H TiO 2 ϭ Ϫ944.0 kJ/mol͒, TiO (⌬H TiO ϭ Ϫ519.0 kJ/mol͒, and ReO 2 (⌬H ReO 2 ϭ Ϫ451.76 kJ/ mol͒ are much smaller than that for ZnO (⌬H ZnO ϭ Ϫ350 kJ/mol͒, 14 as is confirmed by the GXRD examination ͑Fig. 3͒. For the sample annealed at 500°C ͑Fig. 2b͒, some amount of Ti outdif-fused towards the sample surface through the Au layer. A small amount of Au was also indiffused towards the interface regions. It is noteworthy that the Re layer remained rather stable at the metal/ZnO interface even after annealing at 500°C. However, oxygen outdiffusion is more extensive than that of the as-deposited sample. This finding is indicative of the formation of extensive reaction phases, as is shown by the GXRD results ͑Fig. 3b͒. However, it should be noted that there is no obvious evidence for the outdiffusion of Zn into the metal layers. When the annealing temperature increased to 700°C, more severe intermixing between the layers occurred. It is noted that a small amount of Zn outdiffused toward the sample surface through the metal layers. Although some amounts of Au and Re indiffused to the ZnO, they remained reasonably stable. Figure 3 shows GXRD plots for the Re/Ti/Au samples before and after annealing. For the as-deposited sample ͑Fig. 3a͒, in addition to the diffraction peaks of Au and Ti, there are extra peaks. This indicates that interfacial phase was formed even in the as-deposited sample. These phases were identified as srilankite ͑S͒ TiO 2 , TiO, and ReO 2 , as expected from the AES results ͑Fig. 2͒. For the annealed samples, Fig. 3b and c, there are many extra peaks, indicating that extensive interfacial reactions occurred. In addition to the phases observed in the as-deposited sample, new phases, such as rutile ͑R͒ TiO 2 , hexagonal ͑H͒ ReO 3 , and cubic ReO 3 , were formed.
Results and Discussion
To characterize the surface morphology of the Re/Ti/Au contacts, atomic force microscopy ͑AFM͒ examinations were made. Figure 4 shows the AFM images of the samples before and after annealing at 700°C. The as-deposited sample exhibits a smooth surface with a root-mean-square ͑rms͒ roughness of 2.5 nm, Fig. 4a . However, the samples reveal somewhat degraded surfaces with a rms roughness of 6.0 nm when annealed at 700°C, Fig. 4b . Compared with the Ti/Au contacts that showed a rms roughness of 15.6 nm at 500°C, 12 the Re/Ti/Au contact exhibits greatly improved thermal stability. This indicates that the addition of the Re layer is fairly effective for improving the thermal stability. Figure 5 shows the XPS Zn 2p core levels obtained from the interface and bulk regions of the sample annealed at 500°C. The Zn 2p core level obtained from the interface shifts toward the higher binding energy side compared with that of the bulk region. This indicates that the surface Fermi level moves toward the conduction band minimum, resulting in a reduction of the band bending. 15, 16 To investigate the current transport mechanism, the tunneling parameter was calculated. Tunneling parameter (E 00 ) is defined as (qh/4)͓n a /(m h * s )͔ 1/2 ϭ 1.85 ϫ 10 ͓n a /(A**/120␣)( s / o )͔ 1/2 , where s is the dielectric constant of a semiconductor and o is the permittivity. 17 The metal-semiconductor contact theory indicates that the current flow mechanisms are dependent on the tunneling parameter. 18 For example, field emission ͑FE͒ dominates the current transport mechanism for E 00 /kT ӷ 1. 19 For the sample annealed at 700°C, the value of E 00 /kT was measured to be 5.4, indicating that FE is dominant. To confirm the mechanism, the temperature dependence of the specific contact resistance of the 700°C-annealed sample was investigated, as shown in Fig. 6 . It is shown that the specific contact resistance remains virtually constant ͑within measurement errors͒ across the whole temperature range. This implies that for the Re/ Ti/Au contacts annealed at 700°C, FE dominates the current transport. 18, 20 It was shown that the Re/Ti/Au scheme produces high-quality ohmic contacts to n-ZnO when annealed at temperatures in the range of 300-700°C for 1 min in a nitrogen ambient. This annealing temperature dependence of the electrical properties of the contacts could be explained as follows. The AES results ͑Fig. 2͒ showed that oxygen outdiffused into the metal layers and participated in the formation of the Ti-O and Re-O phases, as confirmed by the XRD results. The out-diffusion of oxygen indicates that oxygen vacancies are accumulated at the surface region of the ZnO layer. Since oxygen vacancies act as donors in ZnO, 21, 22 this causes the generation of a heavily doped region near the ZnO surface, consequently resulting in tunneling between the metal and n ϩ -ZnO. 10 Thus, the increase in the carrier concentration at the surface region of the ZnO layer could be responsible for the improved electrical property of the annealed Ti/Au contacts. Another possible factor is related to the contact area. The AES results showed that extensive interfacial reactions between the metal layers and ZnO occur when annealed. The interfacial reactions would lead to a rough interface, resulting in an increase in the contact area.
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Conclusions
The Re/Ti/Au ͑2/20/60 nm͒ ohmic contacts on n-ZnO:Al (n ϭ 2 ϫ 10 18 ) were investigated using I-V measurements, glancing angle XRD, AES, and XPS. Measurements showed that the samples produce specific contact resistances of 2.1 ϫ 10 Ϫ4 and 1.7 ϫ 10 Ϫ7 ⍀ cm 2 before and after annealing at 700°C for 1 min in nitrogen ambient, respectively. The Re/Ti/Au contacts exhibited a reasonable surface with a rms roughness of 6.0 nm when annealed at 700°C. The temperature dependence of the specific contact resistance showed that field emission dominates carrier transport. Based on the AES, GXRD, and XPS results, the ohmic mechanism was described and discussed. Figure 6 . The temperature dependence of the specific contact resistance of the sample that was annealed at 700°C.
